1. A ribonuclease has been partially purified from the cotyledons of germinating seed of Pi&um arvenee. 2. The enzyme degrades ribopolynucleotides to adenosine 3'-phosphate, guanosine 3'-phosphate and the cyclic nucleotides cytidine 2',3'-phosphate and uridine 2',3'-phosphate; no resistant 'core' remains. 3. The activity of RNA-degrading enzymes in the cotyledons increases to a maximum during the first 5 days of germination, passes through a minimum around the eighth day, and thereafter increases again. 4. Ion-exchange chromatography of methanol-soluble extracts of cotyledons revealed the presence, amongst other components, of the 2'-, 3'-and 5'-phosphates of cytidine and uridine, the 3'-and 5'-phosphates of adenosine, and guanosine 5'-phosphate. 5 . Seed soaked in a solution containing [32P]orthophosphate gave a methanol-soluble fraction containing labelled nucleoside 5'-phosphates, but nucleoside 2'-and 3'-phosphates were not labelled. 6. It is believed that the nucleoside 2'-and 3'-phosphates arise by the action of ribonuclease on cotyledon RNA. Barker & Hollinshead (1964) have shown that the quantity of RNA in the cotyledons of Pi8um arvense falls during the first 2 weeks after germination and that little or no RNA synthesis takes place in the cotyledon during this period. The present work is concerned with the possible part played by ribonuclease in the degradation of RNA in the cotyledon during germination. Ribonucleases may fulfil a synthetic function (Barker, Montague, Moss & Parsons, 1957; Markham & Strominger, 1956 ; Barker & Douglas, 1960; Reddi, 1959) , but are probably associated mainly with degradation (Dekker, 1960) . Ribonucleases have been recognized in the storage organs of various plants such as the cotyledons of the pea (Barker & Douglas, 1960) and peanut (Cherry, 1963) , and in corn seed (Wilson, 1963a,b; Ingle, 1963) . This paper describes the partial purification of a ribonuclease present in the cotyledons of P. arvenee. The products of the action of the enzyme on RNA have been studied and it is shown that the soluble nucleotides of the cotyledons include a number of components which are believed to arise by ribo- were carried out as previously described (Barker & Hollinshead, 1964) . Seed of New Zealand perennial rye. grass was a commercial specimen. Yeast RNA (British Drug Houses Ltd., Poole, Dorset) waspurified by a modification of the method of Frisch-Niggemeyer & Reddi (1957) .
RNA from seed of P. arvense was prepared as described by Barker & Hollinshead (1964) . Adenosine 2 ',3'-phosphate [nucleoside 2',3'-phosphates are cyclic phosphates; nucleoside 2'(3')-phosphates are mixtures of the 2'-and 3 '-isomers] and guanosine 2',3'-phosphate were prepared by the method of Szer & Shugar (1963 Assay of ribonuclea8e. Ribonuclease activity was measured by a modification of the method of Dickman, Aroskar & Kropf (1956) . The enzyme solution (0.5ml.) was incubated at 370 for 15min. with 0.3% (w/v) yeast RNA (0.5ml.). The reaction was stopped by addition of 3ml. of acetic acid-2-methylpropan-2-ol (1:2, v/v) with rapid mixing. The suspension was allowed to stand for 30min. at 00 and the precipitate was then removed by centrifugation. A portion (1 ml.) of the supernatant was diluted to 6ml. with water and the extinction was measured at 260m,u. Control experiments were performed at the same time in which the acetic acid-butanol reagent was added before incubation. One unit of activity is taken as the quantity of enzyme producing a difference in extinction of 10 between experimental and control solutions under the above conditions. Extraction of ribonuclea8e. All operations were carried out at 0-4o. Cotyledons (0.75g.) were homogenized in a glass homogenizer with either 0-2M-sodium citrate buffer over the range pH3.6-6-6, or with 0-2m-tris-HCl buffer over the range pH6-6-8-0; each buffer contained 0-01% (w/v) of gelatin. Cellular debris was removed by centrifugation at 9000g for 20min. and rejected. The supernatant was centrifuged at 16000g for 30min., yielding a pellet (P16). The supernatant from this pellet was centrifuged at 5BOOOg for 45min., yielding a further pellet (P50) and a supernatant which was further centrifuged at 100000g for 2hr. This yielded a pellet (P100) and supernatant fraction (S). The particulate fractions P16, P50 and P100 were washed twice by resuspension in the same buffer as used for homogenization (5ml.) and centrifugation and were finally resuspended in 5ml. of the same buffer and subjected to ultrasonic vibration at 20 for 5min. (Ultrasonic Disintegrator, Cabinet model 60; Measuring and Scientific Equipment Ltd.).
Partial purification of ribonuclea8e. The method used was similar to that of Holden & Pirie (1955a for 3hr. The material was repeatedly washed with water by decantation until the washings were at pH5. The charcoal was then suspended in a volume of 0-1 N-HCI to give a solution containing 10mg. of Norite/ml. Optimum adsorption of nucleotides was achieved by using 1 ml. of Norite suspension for approx. 23 E250m units of nucleotides and maximum recovery was obtained under these conditions.
The nucleotide-containing solution was added to the appropriate volume of Norite suspension. The mixture was allowed to stand at room temperature for 10min. and was then poured on to a layer (1 cm. thick) of Celite, previously washed with 6N-HCl and water, and supported on a sintered-glass disk. The column of charcoal was washed with water until the eluate was at pH5 and the washings were discarded. The column was then eluted with a solution containing 10% (v/v) of 0-5iq-NH5 soln., 50% (vfv) of ethanol and 40% (v/v) of water (lOml. of the solution for each millilitre of Norite suspension). This operation should take at least lhr. The eluate was evaporated to about 2ml. under reduced pressure and adjusted to pH8 by addition of w-KOH.
Ion-exchange chromatography. In different experiments, methanol-soluble nucleotides were separated by ionexchange chromatography on either Dowex 1 resin, by the method of Hurlbert, Schmitz, Brumm & Potter (1954) , or on Dowex 21K. With the former, the dimensions of the column were 12cm. x 1 cm. and the resin had a particle size of 200-400 mesh. Gradient elution was carried out with a 250ml. mixing vessel initially, containing water into which was passed successively 500ml. of 2N-formic acid, 500ml. of 4N-formic acid and 500ml. of 0-8m-ammonium formate in 4N-formic acid. The rate offlow was 0-4ml./min. Dowex 21K was used in the formate form and had a particle size of 50-100 mesh. The dimensions of the column were 70cm. x 1 cm. and the rate offlow was 0.35ml./ min. Gradient elution was carried out as described above, with a 500ml. mixing vessel and 1 1. of each eluting solution. In each case, the eluate from the column was collected in 5 ml. fractions and E265m, of each fraction was measured. Radioactivity was measured as described by Barker & Hollinshead (1964) .
The fractions corresponding to individual peaks were pooled, and the solvent was removed under reduced pressure at 00. More labile fractions were freeze-dried.
Ammonium ions were removed from fractions containing ammonium formate by use of Amberlite IR-120 resin.
Each fraction was examined as described below.
Paper eledtrophore8i8. This was carried out on strips of acid-washed Whatman no. 1 chromatography paper, 60 cm. long, by the method of Markham (1955) . The (Cohn & Carter, 1950) ; (4) 3.8% (w/v) ammonium carbonate-propan-2-ol (1:3, v/v) (Stockx, 1958) ; (5) propan-l-ol-aq. NHs soln. (sp.gr. 0.880)-water (6:3:1, by vol.) (Hanes & Isherwood, 1949) ; (6) butan-l-ol-propionic acid-water (75:36:49, by vol.) (Tyszkiewicz, 1962) . Whatman no. 52 paper was used throughout and was washed with acid to remove ultravioletabsorbing material; the descending method of chromatography was used except with solvent systems (2) showed apparent activity between pH5-2 and 6-8 (Fig. 1, curve I ). However, it was observed that in the assay procedure, after centrifugation of Fig. 1, curve I, represent an artifact and that fraction P100 is devoid of ribonuclease activity. No opalescence was observed in enzyme assays with fraction S, and activity exhibiting a broad peak at about pH 5-6 was observed (Fig. 1, curve II) .
Changes in ribonuclease activity during germination. Seeds were germinated for varying times and the root and shoot were removed. Extracts were prepared from the cotyledons as described in the M=.
A--A-Ar-.. Materials and Methods section by using buffer at pH5-6, and ribonuclease activity was determined in fraction S. The results are shown in Table 1 (1) and (4). With substrates (i), (ii) and (iii), strong ultraviolet-absorbing spots were observed corresponding to cytidine 2',3'-phosphate, uridine 2',3'-phosphate, adenosine 3'-phosphate, guanosine 3'-phosphate, adenosine and guanosine. Very little material appeared on the starting line. Substrates (iv), (v) and (vi) were converted completely into materials having Rp values corresponding to adenosine 2'(3')-phosphate, cytidine 2',3'-phosphate and uridine 2',3'-phosphate respectively. Substrate (vii) gave rise to inosine 2'(3')-phosphate together with traces of inosine and hypoxanthine. In all cases, control experiments in which the polynucleotide was incubated at pH5-6 without the addition of enzyme showed only material on the starting line.
Action of cotyledon ribonuclea8e on cyclic nucleotide8. The nucleoside 2',3'-phosphate (2mg.) was dissolved in 0-2ml. of 0-lm-sodium citrate buffer, pH5-6, and incubated at 370 with 0-Olml. of enzyme solution (2 units) for 17hr. The solutions were then chromatographed alongside controls to which no enzyme had been added, by using solvent (4), which causes little hydrolysis of cyclic phosphates (Stockx, 1958) . Cytidine 2',3'-phosphate and uridine 2',3'-phosphate were unchanged by incubation with the enzyme; adenosine 2',3'-phosphate and guanosine 2',3'-phosphate gave rise to the corresponding nucleoside 2'(3')-phosphates together with traces of adenosine and guanosine.
Incorporation of [32P]orthophosphate into the methanol-8oluble fraction of cotyledon8. Peas (18g.) were soaked for 17hr. in 0-O1M-KH232PO4 (35ml.) and germinated for 3 days. The methanol-soluble nucleotides were extracted from the cotyledons and chromatographed on Dowex 1 ion-exchange resin as described in the Materials and Methods section without treatment with charcoal. Fig. 2 shows the extinction at 260m, and the total radioactivity of each fraction. Material from each peak was submitted to electrophoresis and paper chromatography.
In preliminary experiments with seed that had not been treated with radioactive phosphate, it was found that peaks 1 and 2 consisted of a complex mixture containing purine bases and ultravioletabsorbing material which also gave a positive reaction with ninhydrin. These peaks were not investigated further. Peak 4 yielded material exhibiting material absorbing at 257mp, and 290m,u, but no radioactivity. It was not investigated further. It may correspond to the unidentified component 5b obtained by Brown (1962) from perchloric acid extracts of mature pea seed.
Ultraviolet-absorbing components from the other peaks which corresponded to known nucleotides on electrophoresis and paper chromatography are shown in Table 2 . The chromatograms were examined by radioautography and those components exhibiting no radioactivity are indicated in the Table. Approximately 80% of the radioactivity of the methanol extract was associated with peaks A, B and C (Fig. 2) , which were separately chromatographed in solvents (5) and (6). With the exception of material from peak C, which corresponded with ultraviolet-absorbing peak 6, and contained ADP, these peaks showed no ultraviolet absorption. All three yielded a series of spots on chromatograms which gave positive tests with the periodatepermanganate spray reagent for carbohydrates (Lemieux & Bauer, 1954) together with some inorganic phosphate. These radioactive peaks were believed to contain principally carbohydrate phosphates and were not investigated further. Chromatography of methanol extracts from cotyledons of unripe seed, ripe seed and seed taken after varying times of germination revealed similar ultraviolet-absorbing peaks, the relative sizes ofwhich varied with the stage of development; the unidentified material in peak 4 was, however, present only in cotyledons from germinating seed. Material from peaks shown in Fig. 3 was submitted to paper electrophoresis and paper chromatography as described in the text, authentic samples of the compounds being run simultaneously on the same paper. nucleoside 2'-and 3'-phosphates and this was attempted by using Dowex 21K.
Chromatography of nucleotides on Dowex 21K. A solution (5ml.) containing approxirnately 2-5mg. each of adenosine 2'-, 3'-and 5'-phosphate, guanosine 2'-, 3'-and 5'-phosphate, cytidine 2'-, 3'-and 5'-phosphate and uridine 2'-, 3'-and 5'-phosphate was treated with charcoal as described in the Materials and Methods section and chromatographed on a column of Dowex 21K. The elution diagram is shown in Fig. 3 . Material from each peak was submitted to electrophoresis and paper chromatography. The identities of compounds present in each peak are indicated in Table 3 .
Chromatography of methanol-soluble extract of cotyldons on Dowex 21K. The methanol-soluble extract was prepared from cotyledon tissue, taken after germination for 2-5 days, as described above.
After treatment with charcoal the material was chromatographed on a column of Dowex 21K. The elution diagram is shown in Fig. 4 . Material from individual peaks was examined by paper electrophoresis and paper chromatography. Peaks 1 and 2 were not completely resolved. Material in peak 6 corresponded to no known nucleotide and was not identified. Components identified in other peaks are shown in Table 4 . DISCUSSION Matsushita & Ibuki (1960) and Lyndon (1966) have reported the presence of active ribonucleases associated with cytoplasmic particles of pea shoots and roots. In the present experiments with cotyledons, the apparent activity in the ribosomal fraction was found to be due to an artifact. In confirmnation of the nature of the tissue fraction used, the presence ofparticles having characteristics of ribosomes was demonstrated by ultracentrifugation and electronmicroscopy (Barker & Hollinshead, 1965) . These studies showed that cotyledon ribosomes differ in stability from shoot ribosomes and a difference in enzymic content is therefore not unexpected. Wilson & Shannon (1963) have suggested that the apparent presence of ribonucleases in the subcellular particles of the storage tissues of plants is due to contamination with enzymes present in the supernatant fraction, but in the present experiments ribosomal pellets were washed twice before examination for enzyme activity. Lett, Takahashi & Birnstiel (1963) also found that incubation of ribosomal preparations from peas during the assay of ribonuclease results in the appearance of turbidity. This phenomenon may be related to the observations in the present experiments, and it is possible that the apparent ribonuclease activity reported by these authors may also be due to an artifact. In the present experiments turbidity which developed during the assay was removed under conditions that would not be expected to precipitate mononucleotides and so obscure their formation during the incubation. The nature of the material causing the turbidity is not known and therefore, although the possibility of the presence of oligonucleotides as products of partial enzymic degradation cannot be excluded, it is considered that the results indicate the presence of an active ribonuclease unequivocally only in the supernatant fraction of the cotyledons.
In agreement with previous observations on pea ribonuclease (Holden & Pirie, 1955a,b; Pierpoint, 1956; Markham & Strominger, 1956 ), the present results indicate that the ribonuclease from pea cotyledons degrades RNA completely to mononucleotides without leaving a resistant 'core'. 2E. R. BARKER AND J. A. HOLLINSHEAD Table 4 . CJomponent8 identified in methanol-8oluble fraction of cotyledon8 after chromatography on Dowex 21K
Material from peaks shown in Fig. 4 phosphates are first formed from purine nucleotide residues but no evidence for their intermediate formation was obtained. Incubation of purine This was observed with all the polynucleotide nucleoside cyclic phosphates with the enzyme substrates used, including the 'core' of yeast RNA, results in their complete conversion into mixtures which is resistant to crystalline pancreatic ribo-of nucleoside 2'-and 3'-phosphates whereas in the nuclease. The polynucleotides of natural origin all absence of the enzyme they remain largely un-changed. It is probable that the enzyme is a ribonucleate nucleotido-2'-transferase (cyclizing) (EC 2.7.7.17), but further investigation would be required to confirm this.
The ultraviolet-absorbing material present in methanol extracts of pea cotyledons consists of a mixture far more complex than that obtained by Cherry (1962) from peanut cotyledons. The results presented are similar to those obtained by Brown (1962) with perchloric acid extracts of pea seed. However, in addition to the nucleoside 5'-phosphates, -diphosphates and -triphosphates, we have observed the presence of nucleoside 2'-and 3'-phosphates which were not recognized by Brown. Such compounds have previously been reported in wheat, barley and oat plants (Bergkvist, 1956 (Bergkvist, , 1957 and in Phaseolus vulgari8 (Sebesta & gorm, 1959) , but, in contrast, in the present work no guanosine 2'-or 3'-phosphate was recognized although it was demonstrated that authentic samples were separable by the technique used. In view of the high activity of ribonuclease in the cotyledons after 2*5 days' germination, and the nature of the products of the action of the enzyme on ribopolynucleotides, it appears probable that the nucleoside 2'-and 3'-phosphates present in the methanol extracts arise by degradation of RNA by ribonuclease in the cotyledon. Whereas phosphate residues attached to position 5 of the ribose residues ofthe methanol-soluble nucleotides became labelled by [32P]orthophosphate, no radioactivity was present in the nucleoside 2'-or 3'-phosphates identified. This is in agreement with the above hypothesis with regard to the origin of the 2'-and 3'-phosphates since it has been shown (Barker & Hollinshead, 1964) that the RNA of cotyledons does not become labelled by treatment of the seed with [32P]orthophosphate. It is concluded that the ribonuclease in the soluble fraction ofthe cotyledons is functionally active during germination and that it is connected, at least in part, with degradation of RNA in the cotyledon. It is not possible at present to account for the absence of guanosine 2'-or 3'-phosphate from methanol-soluble extracts of cotyledons. This does not appear to be due to the specificity of the cotyledon ribonuclease. It may indicate some function of guanine nucleotides in the processes of germination, and in this connexion it is significant that acid hydrolysis of the material present in peak 4 (Fig. 2) 
